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The ever-present problem of interpreting operational characteristics of

Introduction

‘ a practical device in terms of past fundamental experiments end analytic

treatments appears again in the case of a cesium vapor filled thermionic con-
verter. Some of the experimental difficulties encountered previously in the
analysis of voltage-current relations in thermionic converters have been
partially circumvented by the introduction of several refinements in the con-
struction of & converter. The primary refinements are the use of a planar
diode configuration, an emitter that has an oriented crystal structure, an
emitter heater designed for careful control of surface temperature, close
fitting guards on the emitter and collector, and variable interelectrode
spacing.

ThlS paper presents results of tests conducted in thls controlled cesium
vapor filled planar diode, which attempt to explore th& modes of operation,
to measure the work function of tungsten in a cesium atmosphere, and to ob-
serve changes in emitter work function associated with a past hlstory of op-
eration at hlgh retarding voltages. ’

Apparatus and Procedure

The basic features of the converter are shown in figure 1. The thermi-
onic converter is in the form of a planar diode with a demountable emitter
and collector. The l.5-centimeter-diameter, 2.0-centimeter-long emitter
structure was formed from tungsten oriented to expose the 110 (Miller index)

Plane. Most of the surface was a single crystal; however, a few subcrystals
o

existed. The maximum misorientation from the 110 plane was l% .

The emitter was heated by electron bombardment. The bombardment heater
incorporated a deflector that shaped the energy density of the beam to pro-
vide a uniform emitter temperature (about *10° K) and also prevented most of
the filament radiation from entering the field of view of the optical pyrom-
eter.

The emitter guard was flush with the emitter surface. The radial clear-
ance was about 3 mils at operating temperatures. The guard was cooled by
conduction. Electrical isolation was provided by alumina insulators.

The collector and support was\formed from polycrystalline tungsten. The
collector was cooled by gaseous helium. Three equally spaced differential-
typ?_micrometer screws on the collector support flque were used to adjust
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guard floating.

spacing. "Zero" spac1ng was established at each operating temperature by
lightly touching the three edges in line with the screws. The minimum spacing
available was estimated to be 3 to 11 microans.

The collector guard radial clearance was about 3 mils; the guard position
was fixed. The guard was recessed about 5 mils behind the collector surface
at zero spacing, was cooled by conduction, and was insulated by alumina spac-
ers.

The diode was mounted in a helium-filled oven. Helium Jets were used to
control the temperatures of the cesium reservoir, the insulator, the guards,
the collector, and the diode structure.

The emitter temperature was determined by an optical pyrometer, which

.viewed the back surface of the emitter through a shuttered window and prism.

The problem of spurious radistion from the electron bombardment-heater fila-
ment encountered in back surface measurements was avoided by the use of the
aforementioned filament-deflector design.

The emitter surface temperature and temperature profile were established
in terms of back surface temperature by calibration in a dummy diode struc-
ture, which provided for a simultanecus view of the front and the back sur-
faces. The back surface sighting technique permitted emitter temperature
control within #1° K during a series of runs (at low current density). Abso-
lute temperatures were determined within the bounds of the usual well-
calibrated system.

All internal surfaces other than the emitter and the guarded emitter
structure were at temperatures at which only trivial electron emission should
oceur.

The cesium boiler temperature +as measured by thermocouples and was con-
trolled automatically to maintain a prescribed temperature at +0.10° K.

The diode bias voltage was provided by a power transistor assembly,

[, switching techniques, and rheostats. The voltage range available was from
=90 to +18 volts. An auntomatic variation in voltage in the form of a l2-volt

amplitude triangular wave was availible as a single or a continuous sweep.
Sweep frequencies from 1/10 to 1000 cycles per second were available. Manual
variations in voltage were usually used at low currents. Automatic control
was used at high curtents.

Separate bias voltages were available to both emitter and collector
guards. The emitter guard was allowed to float in the tests reported herein.
The collector guard was set at the collector potential for all ion current
measurements. Two electron current measurements were usually made, one with
the collector guard at the nn11pn+or potential and one with the collector

Data were recorded by the use of differential amplifiers, digital volt-

meters, X-Y recorders (l%-sec writing speed) and oscilloscopes (10 Me re=

sponse). Microampere to 100 ampere (plus) current measurements were
available.



Discussion

The experimental data under consideration are primarily based on two
cesium reservoir temperatures, 469.89%0.10 K and 499.80+0.1° K. These tem-
peratures correspond to 6.6X10~2 and 0.2 Torr, respectively.

The pressures and spacings place most of the data in the regions of non-
collisional behavior up to the case of five mean free paths for electron-
neutrel collisions (based on & collision cross section o of 4x10-14 em2).
The primary variable treated is emitter temperature. The temperature range
covered is 1350° to 1900° K.

A convenient method of cataloging the conditions is in terms of the
ratio of ion to electron emission from the emitter (ref. 1). If the a priori
assumption is made that the work functions of cesium-covered tungsten given
in reference 1 (based on Houston's experiments, ref. 2) describe the emitter
work function and that the Saha-Langmuir equation (ref. 3) roughly describes
ion production, the condition of neutral emission can be established. The
corresponding emitter temperatures are about 1480° K at a cesium temperature
of 469.8° K and about 1555° K at a cesium temperature of 499.80° K. Excess
electron emission exists at temperatures less than the "neutral" temperature
and excess ion emission at the higher temperature range. The numerical val-
ues for the ratio of ion to electron concentration at zero field emission can
also be estimated at other temperatures from the use of the Saha-Langmuir
equation. Reference 4, a companior paper based on the same 469.8° X cesium
temperature data treated herein, irdicates that the Saha~Langmuir equation is
a reasonable approximation since ion currents are only underestimated by a
factor of two to three over much of the range of interest. ILarger variations
exist in the extreme excess-electron region and in the excess~ion region.

The departure in the excess~ion region is largely the ion space charge effect.

Since the Saha-Langmuir equat’on approximates the ratio of ion to

electron emission, it is used to catalog the various results. The actual
form used is '

.
Va Vs
e 232 =
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and N

At a constant cesium reservoir temperature the following relation can be used:

N ol000/T T2

where v 1s flux rate per square centimeter, n is particle concentration,
4 is unit charge, Jz; 18 seturation current density, T i1s emitter tempera-



ture in %K, Vi 1is lonization potential in electron volts, V is electron
volt eqplvalence of temperature, and X is a constant, and the subscripus
s refer to atoms, +, to ions, and e, to electrons.

At the conditions when the Seha-Langmuir relation is not an adeguate in-
dex of ion currents the concentration ratio based on measured ion current is
also included in the description of the results. Small inconsistencies may
exist in the n./ne ratio given in reference ¢ and those calculated from the
above form of the Ssha-Langmulr equation. ' This is due to the use of measured
saturation current density in the preceding equation.

Space Charge Mode

The first mode treated relates to current-voltage characteristics sub-
ject to space-charge effects. Langmuir space-charge theory (ref. 5) could be
expected to describe current-voltage characteristics where the charge concen-
tration is predominantly electron or ion. The close spacing (3 to 11 p) and
guarded structure permit a reasonalle test of the space-charge theory. Close
spacing permits the determination cf saturation currents, which, in turn,
establishes the emitter work functlion. The accuracy of current flow measure-
ments in the retarding region is ixproved by the emitter and collector guards
and thus collector werk functions are accurately determined. No arbitrary
parameters are used in the space-charge analysis since the difference in sur-~
face potentials, spacings, saturation currents, and emitter temperature are
811 measured or directly calculated quantities. The procedures used in ac-
tual solution are similar to those outlined in references 6 to 8.

A detailed comparison of the current calculated by the Langmuir space-
charge theory to measured values was made at two emitter temperatures, two
spacings, and a cesium reservoir temperature of 469.8° K.

The conditions examined are in the excess-electron region. The ratios
of ion to electron concentration are as follows:

Emitter n./ne
temperature,

Saha-Langmuir | Measured

1352 0.007 0.09

1372 .018 - .15

(See ref. 4 for explanation of the iiscrepancy in n+/ne.)

The comparison of measured current to the current calculated by space-
charge relations when electron emission only is assumed is as follows:



Difference in surface Emitter temperature, 9K
barrier potential,

qv/xT, V/¥ 1352 1372
(dimensionless volts)

Spacing, u
ag 57 8 57
Messured current/calculated® current

"'5 . l- O l- O ll 0 l- O
=3 1.0 1.0 1.0 1.0
-1 .9 | Lo .90 | 1.0
0 . 60 1.0 .70 1.15
1 . 60 1.0 .70 1.1
3 . 60 . 90 .80 1.0
5 2.0 .75 .95 .85
10 C, 80 1.0 C.65
15 L 60 ' Ld 8
20 .75 ' .9

8The best estimate is 3 to 11 u; 8 u is an arbltrary selection.
bAll values rounded to nearest 0.05 value.

cSaturation current exists on basis of Langmuir space-charge ‘
theory.

The agreement between space-charge theory and the experimental 8-micron
dats 1s fair. Agreement also exists for the 57-micron spacing up to a posi-
tive surface potential difference of 3 (qV/kT). Beyond this point, however,
the measured current is significantly lower than the calculated value. In
general, the currents measured at the larger spacings do not approach satu-
rated current values (determined by close-spacing data) as quickly as the
space-charge theory would predict. The existence of ion emission would be
expected to permit saturation to occur at lower values of applied potentials
(ref. 9) instead of the observed effect.

The results indicate that the noncollisional Langmuir space-charge
theory gives fair quantitative agreement at the closest spacing. The agree-
ment deteriorates as spacings are increased and the condition of collisional
activity is approached. (The mean free path for electron-neutral collisions
is about 310 p at the conditions cited in. the preceding table.)

The space-~charge analyses that treat both ion and electron emission are
complex. Special cases have been treated in references such-as 9 to 12. It
is not the objective of this paper to attempt to make detailed comparisons of
experimental results with these analyses but merely to indicate a few general
trends. Figures Z 4o & presenﬁ current-voltase characteristics in order of
increasing ion/electron concentration. The various conditions of operation
are indicated in the figures. ‘

Current is reduced as spacing is increased in general accord with space-
charge analysis (e.g., fig. 2); but as.in the case of 1352° and 1372° X




emitter temperatures the larger syp:cing exhibit currents lower than that pre-
dicted by simple space-charge theo:y. The monatomic solutions of the com-
bined electron emission (e.g., ref. 9) predict smaller space-charge barriers
than the single-charge case; thus even greater departures of theory from ex-
Periment are indicated. Reference 9 also indicates that the space-charge
barrier should be removed at an n+/ne ratio of 0.5. Experimental results
show that at n+./ne ratios greater than 4.2 space-charge behavior still per-
sists (fig. 3). The set of data obtalned at a cesium reservoir temperature
of 4869.8° X requires an n+/ne retio of 16 in order to remove the space=-
charge barrier. An example of current-voltage characteristics at a high
ratio of n./ne is given in figure 4.

Ignited and Arc Modes

In addition to space-charge modes, ignited and arc modes of operation
are also observed. The definitions are somewhat arbitrary and are based on
saturation currents measured at the smallest spacings. The ignited mode is
characterized by a discontinuity in current as voltage 1s increased, after
which saturation current is reestevlished. A hysteresis is noted in that,
after ignition occurs, the voltage may be decreased while saturation current
is maintained. After still further reductions in voltage, the current re-
turns to the value that existed prior to ignition. An exasmple of ignited
mode is shown in figure 2 (227-p svacing).

The arc and the ignited modes are similar since in both a discontinuity
in current occurs with an increase in applied voltage. The hysteresis effect
is also observed. The uniqueness of the arc mode is that the current in-
creases beyond saturation values wlith continued increases in applied volt-

ages. An example of the arc mode is the 3 to 11 micron spacing curve in fig-
ure 5.

It is difficult to establish whether the arc mode exhibits a new upper
limit in current density. Severe electron cooling of the emitter (and heat-
ing of the collector) often coupled with high-frequency oscillations confuse
the issue. Momentary values of current density over 100 amperes per square
centimeter have been observed at a cesium reservoir temperature of 500° X and
emitter temperatures in the range of 1500° to 1600° K.

The ignited mode is observed at spacings of 227 microns at emitter tem-
peratures of 14200 X and cesium temperatures of 469.8° K (fig. 2). No evi-
~dence of ignition exists at higher emitter temperatures (figs. 3 and 4) even
though space-charge behavior is evident. The ignited mode exists at emitter
temperatures of 1498°, 15369, and 1568° K when the cesium reservoir tempera-
ture is 499.8° K (figs. 5 to 7). Again there is no evidence of ignition at
spacings of 113 microns or less. The mean free path for electron-neutral
collisions at conditions of figure 2 is 320 microns; for figures 5 to 7 it is
about 115 microns. The mean free path based on charge exchange cross sec-
tious of ion~neubtrals is about one-sixth of that based on the electron-
neutral collisions. (Note that this approximate relation is based on values
of cross sections from ref. 13.)

The requirement of nearly one mean free peth and applied voltages near
the ionization potential in figures 2 and 5 suggests that volume ionization




is coincident with ignition. The ignition voltages substantially less thaﬁ,
the ionization potential of figures 6 and 7 can be argued as being related to
stepwise ionization processes.

In contrast, the oscillations present before ignition (figs. 5 to 7) are
somewhat consistent with the iunstabilities predicted by the space~charge
theories of references 10 to 12. This, coupled with a high probability of
ion-neutral collisions, could be used to establish that the ignited mode is
not due to volume lonization and ignition but is merely a consequence of ion
trapping. Sufficient surface ions are produced to satisfy an lon-trapping
model since the ion-electron ratios shown underestimate the ion production
rates by a factor of 2 or more (refer to space-charge discussion or ref. 4).

The arc mode 1s clearly evident in figures 5 to 7 at all spacings.
Applied potentials near the lonization potential of cesium induced the arc
mode at the 499.8° K cesium reservoir condition for the emitter temperature
illustrated. At emitter temperatures (not shown) of 1800° K and above the
tendency to arc was suppressed.

The results shown in figure 7 illustrate a clear distinction between arc
mode and the ignited mode. An anomaly exists since the current jumps to the
values observed at the 113-micron spacing after ignition rather than golng
directly to saturation values.

Ignition occurred at slightly less than +1 volt for the 227~ and
340-micron spacings. The current jumped to the level of the 133~micron spac-
ing after ignition. The currents for the three spacings were essentially the
same up to the point of a second ignition. After the second ignition a com-
mon arc mode current was established for all spacings,

The arc mode seems clearly associated with high ion production rates and
appears analogous to arcs experienced in other gaseous discharges. The
ignited mode is less well defined.

Work Function Measurements

Space-charge analyses of close-spacing data supported by reestablishment
of saturation currents after most ignitions indicate that saturation currents
can be measured accurstely in a variable spacing, guarded diode. ZEstimates
of the effective work function follow directly from saturation currents
through the use of the Richardson-Dushman emission equation. A comparison' of
values based on current density of the diode to those estimated by Nottingham
(ref. 1) from Houston's emission probe measurements (ref. 2) is shown in fig-
ure 8. The work functions estimated Iln reference 1 are shown in the form of

‘a chart in the companion paper (ref. 4). The diode data shown in figure 8
encompass a range of values of emitter temperature of 1350° to 1900° X and
cesium pressures of 71072 to 1.3 Torr. The agreement is self-evident.

Cathode Effect

It was noted that a consistent increase in work function occurred after
operation at a high retarding voltage for the purpose of obtaining ion cur-
rent data. These data are indicated by the tailed data points in figure 8,



Typlical current-voltage characteristics associated with these data are illus~
trated in figure 9. The change in work function with operating conditions is
termed the "cathode effect” because of a somewhat analogous "anode effect"
observed by Nottingham (ref. 14).

An increase in emitter work function of approximately 0.05 electron volt
was observed after operation at -80 volts and an emitter temperature of
15029 K for a periocd of 30 seconds. A similar change was noted at -50 volts,
16480 X, and a period of 60 seconds. The normal emlssion could be reestab-
lished if the diode was maintalned at zero applied potential. The reactiva-
tion period appeared to exhibit an inverse exponential relation, that is,
reactivation time was rapidly decrcased with increases in temperature. It
was also noted that the change in work function exhibited a threshold behav-
ior, which was dependent on both field strength and retarding voltage.

The change in work function was not noted at temperatures greater than
1750° X presumably because of the rapid reactivation times.

The cathode effect casts some doubt on the nature of the emitter sur-
face. Although efforts were made to establish dlode cleanliness and emitter
definition through the use of an oriented tungsten crystal, the change in
work function indicates that the svbstrate for cesium was probably something
other than 110 tungsten.

Concluding Remarks

The results indicate the existence of three discrete modes of operation,
the space-charge mode, the ignited mode, and the arc mode. The ignited mode
may not be a true ignition in the sense of being related to volume ioniza-
tion. Observation of the various modes of operation coupled with operation
at a close spacing permits the determination of emitter work functions. The
work functions measured in this turgsten-cesium thermionic converter agree
with values determined by emission-probe measurements. A change in emitter
work function dependent on field and magnitude of retarding voltage was noted
and conditions of occurrence approximately established.
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CATHODE EFFECT

IN EMITTER WORK FUNCTION CAUSED BY A RETARDING
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